Abstract
Introduction
The rank criterion for the construction of space-time block codes (STBC) over the slow Rayleigh fading, MIMO channels proposed in [2] assumes optimum decoding at the receiver. The resulting exponential complexity is clearly infeasible for high rate applications. The orthogonal designs of [3] on the other hand, are extremely simple to encode and decode and provide full diversity order. How-'This work was supponed in part by NSF grants CCR-0112977 and
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ever, such codes perform well only in situations where the rate is a small fraction of the capacity. In order to realize the high capacities of the MIMO fading channels, the V-BLAST architecture was proposed in [4] . Here, the original data stream is demultiplexed into substreams that are then transmitted on the individual antennas. The detection is done by the so-called nulling/cancelling detector, also known as the decorrelating decision feedback detector @-DFD). In a recent conference paper, we prove that for a N receive, K transmit antenna system, the overall diversity order and the diversity order achieved for each stream in the V-BLAST architecture, is limited to N -K + 1 [5] .
Performance improvement (in terms of an effective energy gain) needs sophisticated coding which makes the overall decoding complexity high (cf. [6] ). The Linear Dispersion (LD) codes of [7] are obtained by maximizing the mutual information and have the structure for simple decoding using sub-optimum techniques. Further, at a high rate R (in bitdchannel use) and a coherence interval of T symbol periods, the 2RT codewords required are easily generated. These codes can operate when N < K and it is shown that at high rates the performance of LD codes decoded using the D-DFD is much better than the orthogonal designs. However when N 2 K V-BLAST codes are also optimum with respect to the mutual information and perform as well as the other LD codes obtained with stricter constraints ( i.e. the spreading across space and time), when the detection is done using the suboptimum D-DFD. In other words, the stricter constraints are beneficial only when optimum detection is used at the receiver. With the D-DFD these constraints yield almost no improvement over V-BLAST. In this paper we propose a class of layered space-time block codes which include both the V-BLAST and the orthogonal designs as special cases. Further, for any code in the class, the ZRT required codewords are easily generated. The codes proposed are decoded using the group decision feedback decoder
The implementation complexity of the decoder is O ( K 2 ) per symbol interval. For any code in the class we obtain the exact average frame error probability (FEP) (and hence the corresponding diversity order), where the average is over the fading parameters. We then propose to minimize the FEP to obtain optimal codes from the class of layered space-time block codes. The optimization is performed over the choice of the number of layers, the sizes of the layers, the allocation of rates to the different layers, and over the allocation of powers across the transmit antennas. We provide high rate optimal codes designed this way for frame lengths 2 and 4 and show significant improvements over orthogonal designs and the V-BLAST scheme.
System Model and Code Description
Consider the discrete time block fading model of a wireless communication system in a flat fading environment with N receive, K transmit antennas and a coherence interval of T symbol periods given as (1) Y is the N x T received matrix and X is the K x T block code. The fading is described by the N x K matrix H having independent, identically distributed (i.i.d.), zero-mean, unit variance complex normal elements. The random matrix H stays constant for T symbol periods after which it jumps to an independent value. The N x T matrix V represents the additive noise at the receiver and has i.i.d., zero-mean, complex normal elements each with variance u2. The code matrix X has the partition into p layers, X = [X& . Xgp] , where the groups {G1,G2,-.-,GP} represent a partition of the K transmitters and comprise of n1,n2,---,np transmitters respectively, with x;=, nk = K. W is a K x K diagonal matrix such that the average power transmitted through transmitter i is proportional to wi, the ith diagonal element of W. Further, W is partitioned as W = diag{WG,,...,WG,} , where WG, 1 5 q 5 p is a n, x n, diagonal matrix and equals w,I. The code blocks XG, 1 5 q 5 p are generated by p space time encoders operating in parallel on independent data streams. The qth code block XG, of size n, x T is transmitted by the transmitters in group G, in T symbol periods and can be expanded as (2) where each XG,,k 1 5 k 5 1, is a n, x T, complex orthogonal design in m, complex indeterminates, with n, 5 T,, m, 5 T, and 1, is a positive integer such that lqTg = T . 
Decoder Description
The decoder used is based on the group interference suppression idea proposed in [l] which was also used in [8] . We assume that the number of receive antennas N and the number of transmit antennas K, satisfy N > K -n1. In order to decode the first layer, X G~, the interference from the layers G2 to G, is nulled out using an orthogonal projection. To obtain the projection matrix, we let the fading matrix H have the partition H = [HG, Ho,] where the N x n1 matrix H G~ includes the columns of H corresponding to the group GI. Then the projection matrix PA, defined by is a projection onto the space orthogonal to the range of Hcl. Since the N x K -721 matrix He1 has rank K -n1 with probability one, the rank of PA is N -K +nl with probability one. We factor PAd, as PA, = SSt where S is a N x N -K + n1 matrix such that StS = I. Using the transformation S~P,L on Y we obtain (-&, ,rHL1 SZG, ,k) ) .
Using the properties of the matrices A G~ , , . and B G~ , , . for 1 I T I m1 (8) can be simplified to ZGl,k,r = R e { t r ( H~l S S t H G , ) }~~G l , k , r fiGl,k,r.
It can be verified that (9)
E[fiG~,k,rfiL,,.,tI = ~2Re{t~(H~lSStH~l)}b(k -S)b(r -t ) l < k , S < Z l l < T , t < r n l .
:Gl,k,r is then fed to a QAM slicer to obtain the decision 5Gl,k,r. The decisions for the indeterminates &l,k,r 1 5 where the matrix L G~G~ 2 5 i, k < p is formed by retaining the rows corresponding to the group Gi and the columns corresponding to the group G k in the matrix L.
The decision matrix for X G~ 2 5 k < p is then given by 
Frame Error Probability
In this section we state the main technical results of this paper. The proofs of the results stated are omitted. We let Pr(&) denote the average frame error probability i.e. the probability that not all symbols transmitted in the 
Frame Error Probability Minimization
In this section we obtain high rate optimal codes from the class of layered space-time block codes. Given the system parameters N , K , T, a rate R (in bitskhannel use) to be achieved and an average received SNR per receiver per symbol interval, we propose to minimize the FEP over the transmit powers under the constraint imposed by the given SNR for each partition of the K transmit antennas into p groups and for each assignment of QAM constellations to those p groups such that the rates over the different layers in bitskhannel use sum to R. The optimal code then, is the partition, along with its optimized transmit powers and QAM constellations, which yeilds the minimum FEP.
Several examples of optimal codes along with other good codes obtained by optimizing transmit powers and QAM constellation sizes for some sub-optimal partitions are presented. The minimization was done by taking the received SNR to be 24 dB and setting the noise variance o2 = 1 and for framelengths 2 and 4. Also, since the expression for the FEP is valid for square QAM constellations, we restricted our search to such constellations.
5.1
Design 1 -We partition the 8 transmit antennas into seven groups GI to G7 with n1 = 2 and ni = 1 2 5 i 5 7. Here, the first group uses the 2 x 2 Alamouti design whereas groups 2 to 7 transmit uncoded QAM symbols. Hence we have, 21 = 1 TI = 2 ml = 2 a n d l i = 2 Ti = 1 mi = 1 2 5 i 5 7 The diversity order of the FEP of designs 2, 3 and 4 is 4 whereas that of design 1 is 3. In Fig. 1 we compare the FEP obtained with the optimized designs with the FEP obtained by the uncoded equal power and equal rate scheme where all transmitters transmit uncoded symbols from a 16 QAM constellation which are detected using the D-DFD. Also, plotted is the simulated FEP of the V-BLAST scheme where the uncoded QAM symbols (again at equal powers and rates) are detected by the optimal ordering along with the nulling and cancelling steps. We see that, at the FEP of .01 designs 1 to 3 gain about 5.5, 5 and 3 d B respectively as compared to the V-BLAST scheme. SNA (dB) Figure 1 : N=8, K=8, R=32 and T=2
N=8, K=8, R=32 and T=2
+
5.2
Design 1 -We partition the 6 transmit antennas into five groups G1 to G5 with n1 = 2 and ni = From Fig. 2 we observe that at the FEP of .005 designs 1 to 3 gain about 6, 7 and 5 dB respectively as compared to the V-BLAST scheme.
N=6, K=6, R=12 and T=4
In this example designs 1,2 and 3 are the same as in example C, except the frame error probabilities are computed for the frame length T = 4.
Design 4 -We partition the 6 transmit antennas into three groups G1 to G3 with n1 = 3,122 = 2 and n3 = 1.
Here, the first group uses the 3 x 4 complex orthogonal design in 3 indetednates, the second group uses the N=6, K=6, R=12 and T=2 2 x 2 Alamouti design and group 3 transmits uncoded QAM symbols . Hence we have, 11 = 1 TI = 4 ml = 3, 1 2 -2 T 2 = 2 m2=2and13=4 T 3 = 1 m 3 = 1 . 
Conclusions and Future Work
We proposed a class of layered space time block codes for the slow Rayleigh fading MIMO channels which are decoded using a simple (low complexity) decoder and which have a good performance at high rates. The exact average FEP and the corresponding diversity order of any code in the class were obtained without making any simplifying assumptions about the effects of error propogation and optimal codes were obtained by minimizing the FEP. Further improvements in the performance of these codes can be obtained by using a group MMSE decision feedback decoder where the nulling operation is replaced by MMSE filtering. Simple design criteria which enable the selection of the best code from the class for the given system parameters ( N , K , T and R) and a given SNR are being investigated. Wolniansky, "Detection algorithm and initial laboratory results using V-BLAST space-time communication architecture," IEE Electronics Letters, vol. 35, pp. 14-16, Jan. 1999.
